All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The importance of maintaining meta-populations of large carnivores in a landscape with habitat connectivity between source populations is an intuitive and logical concept supported by a large body of scientific evidence \[[@pone.0123384.ref001]--[@pone.0123384.ref003]\]. Small isolated populations that lack connectivity are at risk of suffering from low genetic variation, which combined with other factors, reduces the probability of overall persistence of populations and species \[[@pone.0123384.ref004],[@pone.0123384.ref005]\]. Large carnivore conservation is a daunting task in human-dominated landscapes, particularly those not connected by functional linkages or a permeable matrix between natural areas \[[@pone.0123384.ref006]\]. Carnivores move over long distances, have high dispersal capabilities, and need corridors for movement, dispersal, and gene flow \[[@pone.0123384.ref002],[@pone.0123384.ref007]--[@pone.0123384.ref009]\].

The sloth bear (*Melursus ursinus*) is a large wide-ranging carnivore species endemic to the Indian subcontinent ([S1 Fig](#pone.0123384.s001){ref-type="supplementary-material"}). It is a medium-sized ursid (adult males 75--140 kg; females 55--95 kg) and the only bear species with a suite of specialized adaptations for myrmecophagy (diet consisting of ants and termites) \[[@pone.0123384.ref010]\]. Sloth bears are omnivorous \[[@pone.0123384.ref011],[@pone.0123384.ref012]\], feeding primarily on social insects (ants and termites) and a broad spectrum of plant material such as leaves, shoots, tubers, and seasonal fruits and flowers \[[@pone.0123384.ref013],[@pone.0123384.ref014]\]. Their diet strongly follows the phenology of flowering and fruiting of plant species in their habitat. These resources are also collected and used by humans, which often lead to incidents of human-bear conflict \[[@pone.0123384.ref012],[@pone.0123384.ref014],[@pone.0123384.ref015]\].

Sloth bears are still widely distributed in a large part of their range in India, where patches of tropical forests still exist. The Western Ghats and Central India are major strongholds of their distribution in terms of population abundance and habitat availability \[[@pone.0123384.ref013]\]. In the recent country-wide census of large carnivores and their prey species \[[@pone.0123384.ref016]\], sloth bears were found to have the most widely recorded distribution of any large carnivore in the Central India and Eastern Ghats landscapes. Central India has the largest extent of habitat and largest population size of sloth bears in India, with \~180,000 km^2^ of sloth bear occupied forests \[[@pone.0123384.ref017]\]. However, their distribution has gradually decreased and become patchy due to habitat loss and fragmentation \[[@pone.0123384.ref013],[@pone.0123384.ref018],[@pone.0123384.ref019]\]. Within the current range of sloth bears, human activities are the predominant factors determining areas of occupancy \[[@pone.0123384.ref019]\]. Small isolated patches of forest and high human and road density are correlated with higher risk of sloth bear extirpation \[[@pone.0123384.ref013],[@pone.0123384.ref020]\]. The continuous developmental and infrastructural growth (mines, roads, and dams) to support the growing economy of the subcontinent poses a great risk of further fragmentation and insularization of sloth bear occupied forests \[[@pone.0123384.ref019]\].

Bear policy documents such as the IUCN Bear Action Plan \[[@pone.0123384.ref021]\] and the National Bear Conservation and Welfare Action Plan (NBCWAP) of India \[[@pone.0123384.ref017]\] recognize that reducing the impacts of habitat fragmentation and human activities on sloth bear habitats is critical to sloth bear persistence, and also recommend research on the species at a landscape scale. The IUCN Bear Action Plan \[[@pone.0123384.ref021]\] emphasizes delineating discrete population units, rather than individual reserves, as the basis for their management and conservation strategies. These include establishing and managing additional protected areas and interconnecting and safeguarding corridors and buffer zones between protected areas. The NBCWAP \[[@pone.0123384.ref017]\] highlights the paucity of research and basic scientific information on sloth bears in India, and recommends genetic studies for recording presence/absence of bears in unsampled and non-protected areas.

Multiple studies have been conducted to understand population genetics of other bear species \[[@pone.0123384.ref022]--[@pone.0123384.ref028]\], but no information is available on population and landscape genetics of sloth bears. We undertook a project to fill existing gaps in information on sloth bear ecology, by describing the genetic variation in sloth bear populations in a large landscape consisting of four sloth bear populations in five tiger reserves interconnected by corridors in Central India. Given their generalist diet, patchy occupancy, and lack of information about their dispersal range and pattern, an ecological question of strong conservation relevance is how sloth bear allelic diversity is distributed within the landscape, and how existing corridors affect this allelic distribution. Our specific objectives in this study were to a) determine if sloth bears use corridors, b) describe the genetic variation and genetic structure of sloth bear populations in this landscape, and c) quantify gene flow among sloth bear populations in this landscape.

Study Landscape {#sec002}
---------------

We conducted our study in the Satpura-Maikal landscape in Central India ([Fig 1](#pone.0123384.g001){ref-type="fig"}). This landscape is characterized by the Satpura Range in the north and the Maikal Range in the east which form the catchments for the Narmada and the Tapti rivers and their tributaries. The landscape comprises five tiger reserves in two states: Kanha Tiger Reserve, Bori-Satpura Tiger Reserve (Satpura), and Pench Tiger Reserve are in the state of Madhya Pradesh (MP), while part of Pench Tiger Reserve and the Melghat Tiger Reserve are in the state of Maharashtra (Mh). Kanha and Pench are connected by a corridor and are located toward the eastern part of the landscape. Melghat and Satpura are connected by a corridor and lie to the west of the landscape. The connectivity between Kanha--Pench and Satpura--Melghat tiger reserves is largely contiguous forest cover, whereas the connectivity between Pench--Melghat and Pench--Satpura tiger reserves is fragmented. The intervening matrix in this landscape is composed of agricultural land and fragmented forest patches, interspersed with numerous small villages and towns.

![Map of the study landscape with locations of all sloth bear fecal and hair samples collected shown in blue dots.\
Tiger Reserve boundaries are indicated in orange.](pone.0123384.g001){#pone.0123384.g001}

Methods {#sec003}
=======

The office of the Principal Chief Conservator of Forests, Madhya Pradesh and Maharashtra granted permits to carry out this research. The same permissions applied to the Protected Areas as well as the Territorial Divisions which covered the corridors. We used noninvasively collected fecal and hair samples for this study. We did not capture or handle any animal, dead or alive.

Field sampling {#sec004}
--------------

We conducted the field work for this study in 2009--2010 and used stratified random sampling to survey the landscape. We divided the entire landscape into 10 km^2^ grids, and carried out extensive surveys, covering 15000 km of forest trails during the field sampling. We collected sloth bear scat along forest trails and hair samples from trees that had sloth bear claw marks, and recorded the GPS location of each collection site. We stored samples in 100% ethanol until further analysis.

Genetic analysis {#sec005}
----------------

We isolated genomic DNA using Qiagen's QIAamp mini-stool kit for fecal samples and the QIAamp blood and tissue kit for hair samples following the manufacturer's protocol (QIAGEN, Valencia, CA, USA). We used a previously optimized panel of seven microsatellite loci \[[@pone.0123384.ref029]\] that had high polymorphism, low error rates and had proved reliable for noninvasive genetic monitoring of sloth bears.

In order to improve amplification success, we used a two-step PCR amplification procedure \[[@pone.0123384.ref030]\]. In the pre-amplification step, we amplified all loci simultaneously. In the second PCR, we amplified individual loci using the product from the pre-amplification step as the template. The details of the PCR reactions are as follows.

Pre-amplification PCR: this PCR consisted of 25 μl reactions containing 0.5 U Ampli Taq Gold DNA Polymerase (Applied Biosystems, Carlsbad, California, USA), 0.01 μM each fluorescently-labeled forward primer, 0.01 μM each unlabeled reverse primer, 2 mM MgCl~2~, 1X Gold buffer, 0.1 mM of each dNTP, 2 μl 10X BSA, and 4--5 μl of the DNA extract. PCR conditions were: initial denaturation step (95°C for 10 min), 25 cycles of denaturation (95°C for 30 sec), annealing for 30 sec (60°C for brown bear primers and 50°C for the remaining primers in the pre-amplification step), and extension (72°C for 1 min), followed by a final extension step (72°C for 7 min). The second PCR: this locus-specific PCR consisted of 10 μL reactions which contained 0.5 U Ampli Taq Gold DNA Polymerase, 2 mM MgCl~2~, 1X Gold buffer, 0.1 mM of each dNTP, 2 μL 10X BSA, 0.2 μM of both forward and reverse primer and 1.5 μl of pre-amplified product as the DNA template. The PCR conditions for this locus-specific reaction were same as the pre-amplification, except that the annealing temperature was specific for each primer, and we amplified the product in 45 cycles instead of 25 cycles. We ran all PCR products on an ABI 3730xl sequencer, using GeneScan--500 LIZ (Applied Biosystems) size standard. We scored alleles using GeneMapper-4.1 (Applied Biosystems).

In order to control DNA quality, we used a two-step approach to select good quality samples for downstream analysis. In the first step, we amplified all samples with three loci (Umar2, CXX203, and G10L). Samples that amplified for at least 2 loci were further amplified with the remaining of the final panel of 7 microsatellite loci. Samples that amplified for at least 5 (out of 7) loci were retained for further analysis.

We used several lab precautions and analytical approaches to minimize errors that are characteristic of fecal DNA. We extracted DNA samples in small batches with a negative control in each set, used filter tips, and conducted extraction in a dedicated room that contained no previous bear PCR products. We used a modified multi-tubes approach \[[@pone.0123384.ref031]\], wherein we replicated amplification four times, and looked for consensus among genotyping scores. We discarded samples that did not amplify in the pre-amplification step, and selected samples that amplified for at least 5 of the 7 microsatellite loci to control the quality of data \[[@pone.0123384.ref029]\]. We used MICRO-CHECKER-2.2.3 \[[@pone.0123384.ref032]\] to detect loci containing errors due to scoring or stuttering, and large allele dropout. We estimated PCR success and genotyping error rates using GIMLET 1.3.3 \[[@pone.0123384.ref033]\].

Data Analysis {#sec006}
-------------

### Genetic diversity {#sec007}

We measured genetic diversity by estimating the number of alleles per locus (Na), observed (Ho), and expected (He) heterozygosity in GIMLET. We conducted tests for deviations from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) in GENEPOP 4.0.10 \[[@pone.0123384.ref034]\] with a Bonferroni correction applied for multiple comparisons. We used CERVUS 3.0.3 \[[@pone.0123384.ref035]\] to identify individuals and GIMLET to obtain P~ID~ (probability of identity) and P~ID(sibs)~ values. P~ID~ and P~ID(sibs)~ values are commonly used measures to evaluate the power of the selected panel of loci to distinguish individuals \[[@pone.0123384.ref036]\].

### Genetic differentiation {#sec008}

To measure population-level differentiation, we measured pairwise F~ST~ values and 95% confidence intervals in FSTAT \[[@pone.0123384.ref037]\]. We used two approaches to test for isolation by distance. We tested isolation by distance between pairwise F~ST~ and Euclidean geographic distances in GENEPOP. In addition, we conducted Mantel tests between each pair of individuals within each of the four tiger reserves in GenAlEx 6.5\[[@pone.0123384.ref038]\].

F~ST~ has been demonstrated to be a poor estimator of genetic differentiation that may have been caused by recent habitat fragmentation, because it has a lag time of about 200 generations \[[@pone.0123384.ref039],[@pone.0123384.ref040]\]. Individual-based analysis offer a greater resolution to understand genetic effects of recent landscape changes \[[@pone.0123384.ref040]\]. We used one multivariate and two individual-based Bayesian analytical methods to determine the number of genetic populations of sloth bears in our study landscape. First, we used the program DAPC (Discriminant Analysis of Principal Components) using the ADEGENET \[[@pone.0123384.ref041]\] package in R. DAPC is a multivariate method to identify the number of genetic populations (referred as K). DAPC is a two-step process, which first transforms raw genetic data using principal components analysis (PCA) and then maximizes genetic differentiation between groups, without making several commonly required assumptions (e.g., HWE, LD) about the underlying genetic data. DAPC executes k-means, a clustering algorithm which finds a given K number of clusters that maximize variation between groups. To identify the optimal K, the algorithm k-means is run sequentially with increasing K and the optimal clustering solution is selected by Bayesian Information Criterion (BIC). BIC is typically indicated by an elbow in the curve of BIC as a function of K.

We used the Bayesian assignment program, STRUCTURE \[[@pone.0123384.ref042]\], to detect genetic clusters (K) appropriate to describe our data. This widely used approach assigns individuals into K clusters in a way that minimize deviations from HWE and LD within each cluster. The program uses a Markov Chain Monte Carlo (MCMC) procedure to estimate the posterior probability that the data fit the hypothesis of K clusters. The program also calculates the fractional membership of each individual in each cluster (q). We let K vary between one and ten using the admixture model with correlated allele frequencies \[[@pone.0123384.ref043]\] and conducted ten independent runs for each K value. We used 500,000 iterations as burn-in and based the estimations on 500,000 additional iterations. We used the delta K criteria \[[@pone.0123384.ref044]\] to determine the number of genetic clusters.

We also used a spatially-explicit Bayesian analyses in TESS 2.3.1 \[[@pone.0123384.ref045]\]. TESS uses a hidden Markov random field model to compute the proportion of individual genomes originating in K populations. The algorithm accounts for spatial connectivity and incorporates a decay of membership coefficient correlation with distance, which is a property similar to isolation by distance. We ran the program with a burn-in period of 50,000 cycles and based the estimations on 100,000 additional cycles. We increased the maximum number of clusters from 2--10 (10 replicates for each value). Ancestry of each individual in each genetic group was recorded using the q matrix, which is analogous to the q matrix in STRUCTURE and describes the proportion of an individual's genotypic ancestry that can be attributed to each identified genetic group.

### Gene flow and detection of migrants {#sec009}

We used the q-matrix from the STRUCTURE results to detect individuals of admixed ancestry, residents and migrants. We considered individuals with q values \> 0.80 as residents of the area where they were sampled; those with q values from 0.2--0.8 as admixed individuals that could not be readily assigned as residents or migrants; and those with q values \<0.2 as migrants \[[@pone.0123384.ref046]\].

We used GENECLASS2 \[[@pone.0123384.ref047]\] to examine whether individuals were residents or migrants in the area from which they were sampled. We employed the Bayesian approach \[[@pone.0123384.ref048]\] to assign or exclude individuals to their sampling population. The latter approach was used along with the Likelihood computed from the population where the individual was sampled (L = L_home/L_max), as this does not assume that all potential source populations have been sampled. All tests were based on assignment criteria computed from 10,000 simulated populations of the same size as the sample populations.

Finally, we used BAYESASS1.3\[[@pone.0123384.ref049]\] to estimate recent gene flow (1--3 generations before present) between pairs of populations. BAYESASS is a Bayesian method with MCMC that measures gene flow between populations by identifying population-specific inbreeding coefficients and genotypic disequilibrium. It allows deviations from Hardy--Weinberg expectations within populations, and assumes linkage equilibrium and that populations have not been subjected to genetic drift within the past 2--3 generations before sampling. The program uses allelic data to estimate the fraction of individuals that are residents (non-migration) and the fraction of individuals in one population that are migrants from another population (migration). We changed the number of delta values of proposed allele frequency, inbreeding (F) value, and migration rate changes to obtain the recommended 40--60% acceptance rates. Once the runs converged within the acceptance rates, we ran three independent runs to check for consistency in results. We used 3,000,000 iterations, of which 1,000,000 were burn in, and the sampling frequency was 2000.

To test the hypothesis about correlation of forest connectivity and genetic differentiation, we calculated least-cost distance and Euclidian distance using the program Linkage Mapper \[[@pone.0123384.ref050]\]. We used a single layer of forest cover as a predictor of genetic differentiation. We assigned lower cost to forest cover and higher cost to non-forested areas under the assumption that sloth bears would encounter higher costs when moving through non-forested areas. We performed Mantel test in the program PASSaGE \[[@pone.0123384.ref051]\] with 999 randomization to assess correlation between least-cost distance and Euclidian distance respectively with F~ST~ (a measure of genetic differentiation).

Results {#sec010}
=======

Over a period of two years, we collected 190 fecal and 4 hair samples from wild sloth bears throughout the Satpura-Maikal landscape ([Fig 1](#pone.0123384.g001){ref-type="fig"}). This includes fifteen samples collected from the Kanha-Pench corridor. We did not find any sloth bear samples in other corridors in the landscape.

We did not detect any evidence of stuttering errors and large allele dropout in any of the 7 microsatellite loci using MICROCHECKER. Genotyping error rates (dropout and false allele) were low (mean false allele: 0.0002; mean dropout: 0.05) ([S1 Table](#pone.0123384.s003){ref-type="supplementary-material"}). Two loci in Melghat population (G1A, and UarMU26) deviated from HWE, while all loci from remaining 3 TRs were in HWE. None of the 84 pairwise comparisons between loci across populations was in significant LD.

When we applied our quality control criteria, 89 samples out of the total 194 amplified for at least two of the three loci (Umar2, CXX203, and G10L). Fifty eight samples were retained for further analysis when we applied the criteria of amplification of at least 5 out of the total 7 loci. We were able to successfully amplify 80.78% of the total expected alleles. We identified 55 individuals (P~ID\ sibs~ 2.15E-03) from this pool, and there were three individuals that were recaptured twice using exact match criteria. The sample sizes across reserves were: 9 individuals from Kanha, 8 from Pench, 16 from Satpura, and 22 from Melghat ([Fig 2a](#pone.0123384.g002){ref-type="fig"}).

![Results from genetic analysis of sloth bear fecal samples.\
(a) Map of study landscape with 55 individually identified sloth bear locations represented as red dots. Tiger Reserve boundaries are indicated in orange. (b) Bar plots from STRUCTURE show the assignment probabilities for each bear to either of the two genetic clusters. The y-axis shows the calculated membership coefficient (q). (c) Spatial interpolation of admixture proportions from analysis in TESS. Individuals are shown in black dots, x and y axis indicate latitude and longitude respectively, and membership is indicated by the color ramp. All individuals with a single star on the top were identified as potential migrants in STRUCTURE, and individuals with two stars were identified as migrants in both STRUCTURE and GENECLASS.](pone.0123384.g002){#pone.0123384.g002}

Genetic differentiation {#sec011}
-----------------------

After controlling for sample size, allelic and private allele richness was comparable across the four tiger reserves ([Table 1](#pone.0123384.t001){ref-type="table"}). The mean F~ST~ value of 0.042 was significant (95% CI 0.023, 0.065). Pairwise F~ST~ values were significant between Kanha and Satpura, Pench and Satpura, and Pench and Melghat ([Table 2](#pone.0123384.t002){ref-type="table"}), which are all pairs of populations that have little to no structural connectivity between them. We did not detect any significant isolation by distance within any of the four tiger reserves (Kanha p = 0.23, Pench p = 0.06, Satpura p = 0.19, Melghat p = 0.46), or between pairs of tiger reserves (p = 0.50).

10.1371/journal.pone.0123384.t001

###### Summary of genetic diversity in sloth bears from central India.

![](pone.0123384.t001){#pone.0123384.t001g}

  Population   Kanha (n = 9)   Pench (n = 8)   Satpura (n = 16)   Melghat (n = 22)                                                                                                                   
  ------------ --------------- --------------- ------------------ ------------------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
  CXX203       12              7               3.40               0.84               0.82   0.67   6      3.02   1.07   0.74   0.75   9      3.33   0.97   0.85   0.75   9      3.19   0.80   0.82   0.55
  G10B         4               4               2.26               0.62               0.57   0.44   1      1.00   0.00   \-     \-     3      1.81   0.23   0.37   0.25   4      2.04   0.56   0.47   0.32
  G10J         12              5               2.90               0.73               0.72   0.33   8      3.64   1.74   0.86   0.5    10     3.44   1.41   0.86   0.69   9      3.24   1.10   0.83   0.64
  G10L         7               6               3.01               0.71               0.76   0.89   5      2.70   0.71   0.69   1      4      2.22   0.09   0.58   0.81   6      2.46   0.34   0.65   0.91
  G1A          11              6               3.31               1.08               0.81   0.33   6      3.18   0.97   0.78   0.5    8      2.75   0.79   0.71   0.56   6      2.09   0.48   0.48   0.23
  UarMu26      7               5               2.84               0.69               0.73   0.78   4      2.00   0.44   0.42   0.25   6      2.34   0.37   0.57   0.38   5      2.57   0.46   0.68   0.27
  Umar2        9               7               3.25               1.22               0.81   0.89   7      3.27   0.92   0.79   0.63   4      2.23   0.23   0.56   0.44   5      2.53   0.59   0.65   0.55
  Average                      5.71            3.00               0.84               0.75   0.62   5.29   2.69   0.84   0.61   0.52   6.29   2.59   0.59   0.64   0.55   6.29   2.59   0.62   0.65   0.49

Na-Total number of alleles, Ar-Allelic richness, Pr-Private allele richness, He-Expected heterozygosity, Ho-Observed heterozygosity.

10.1371/journal.pone.0123384.t002

###### F~ST~ values between populations.

![](pone.0123384.t002){#pone.0123384.t002g}

            Kanha                     Pench                      Satpura                 Melghat
  --------- ------------------------- -------------------------- ----------------------- ---------
  Kanha     ------                    110/123                    200/211                 312/345
  Pench     0.033 (-0.014,0.089)      ------                     95/123                  163/173
  Satpura   **0.037 (0.007,0.066)**   **0.086 (0.020, 0.185)**   **------**              85/118
  Melghat   0.061 (-0.001, 0.141)     **0.059 (0.030, 0.087)**   0.009 (-0.005, 0.028)   ------

Pairs of populations with significant F~ST~ values are in bold. Values in parenthesis indicate the 95% CI. Values above diagonals indicate Euclidean Distance and Least Cost Path Distance in kilometers (EucDist/LCPDist).

The optimal number of clusters using three different approaches was K = 2 ([Fig 3](#pone.0123384.g003){ref-type="fig"}). In DAPC, the elbow in the curve of BIC was at K = 2 ([Fig 3a](#pone.0123384.g003){ref-type="fig"}). In the STRUCTURE analyses, the mode of the ΔK for all values of K from 1 to 10 was at K = 2 ([Fig 3b](#pone.0123384.g003){ref-type="fig"}). Over 10 runs at K = 2 \[L(K) = -1025.52; St Dev of L(K) = 1.136\], most individuals sampled in Kanha and Pench were assigned to one genetic cluster, whereas most individuals from Satpura and Melghat were assigned to another genetic cluster ([Fig 2b](#pone.0123384.g002){ref-type="fig"}). Using the spatially explicit clustering analysis in TESS, we detected two genetic clusters ([Fig 2c](#pone.0123384.g002){ref-type="fig"}), and the results of individual admixture were very similar to those from STRUCTURE.

![Clustering results from DAPC and STRUCTURE.\
(a) BIC plot from DAPC showing an elbow with an arrow at K = 2 (b) Mean Likelihood L(K) and standard deviations for K = 1--10 (dashed line) clusters over 10 independent runs and the estimate of ΔK using the Evanno et al. (2006) \[[@pone.0123384.ref044]\] approach (solid line).](pone.0123384.g003){#pone.0123384.g003}

To address the issue of the effect of asymmetric sample size (ranging from 8 individuals from Pench to 22 individuals from Melghat) on STRUCTURE results, we randomly reduced the number of individuals from Satpura and Melghat to make sample sizes similar across all four populations. In this analysis, we had the following sample sizes: Kanha (9), Pench (8), Satpura (9) and Melghat (8). We found that even after randomly removing individuals from Satpura and Melghat, we still detected K = 2 ([S2 Fig](#pone.0123384.s002){ref-type="supplementary-material"}). This additional test shows that our results are robust to differences in sample size.

Gene flow and detection of migrants {#sec012}
-----------------------------------

The analysis of q-matrix of STRUCTURE results revealed that eleven individuals (20%) were admixed (one each in Kanha and Pench, four in Satpura and five in Melghat), ten individuals (18%) were potential migrants, and 34 individuals (62%) were residents. GENECLASS detected five of these potential migrant individuals as first-generation migrants. One individual sampled in Kanha (assigned to Satpura), two individuals in Satpura (assigned to Kanha and Pench), and two individuals in Melghat (assigned to Satpura and Pench) were identified as being migrants ([Fig 2c](#pone.0123384.g002){ref-type="fig"}).

In the BAYESASS analysis, the highest and lowest proportions of non-migrants (both residents and admixed) were detected in Melghat (0.95, 0.8717--0.9984) and Satpura (0.70, 0.6678--0.7635), respectively. The highest proportion of migrants were from Melghat to Satpura (0.26) and the lowest proportion of migrants were from Pench to Melghat (0.01) ([Table 3](#pone.0123384.t003){ref-type="table"}).

10.1371/journal.pone.0123384.t003

###### Contemporary migration rates between sampled populations.

![](pone.0123384.t003){#pone.0123384.t003g}

            Kanha              Pench              Satpura            Melghat
  --------- ------------------ ------------------ ------------------ ------------------
  Kanha     ***0*.*74***       0.08               0.02               0.01
            (0.6697, 0.8971)   (0.0007, 0.2352)   (0.0002, 0.0869)   (.000, 0.059)
  Pench     0.07               ***0*.*77***       0.02               0.01
            (0.0008, 0.2035)   (0.6696, 0.9707)   (0.0001, 0.0746)   (.0001, 0.0648)
  Satpura   0.07               0.06               ***0*.*70***       0.02
            (0.0009, 0.2061)   (0.0003, 0.2326)   (0.6679, 0.7629)   (.0001, 0.0938)
  Melghat   0.12               0.10               0.26               ***0*.*95***
            (0.0253, 0.2450)   (0.0014, 0.2433)   (0.1756, 0.3167)   (0.8642, 0.9982)

Migration rates from a source population are in rows while columns indicate migration rates into a population. Diagonal numbers in bold italics indicate non-migration rates and values in parenthesis indicate the 95% confidence intervals.

To assess whether genetic differentiation and forest cover are correlated, we built resistance layers using a layer of forest cover and calculated Euclidian and least cost path distances. We found that neither Euclidian distance (R = 0.2404, p = 0.53), nor least cost distance (R = 0.2422, p = 0.51) was significantly correlated with F~ST~.

Discussion {#sec013}
==========

This is the first study of population and conservation genetics of sloth bears. We confirmed the reliability of a panel of seven polymorphic microsatellite loci to monitor sloth bear populations using noninvasively collected samples. We also demonstrate its utility to study population genetic parameters and gene flow between sloth bear source populations in the Satpura-Maikal landscape in Central India.

It has been documented that collecting fresh samples improves amplification success \[[@pone.0123384.ref052]\]. However, we collected fecal and hair samples opportunistically regardless of their age (fresh and old) in order to more extensively sample sloth bear presence throughout the landscape. We found fifteen sloth bear fecal samples in the Kanha-Pench corridor, confirming that sloth bears do indeed occupy and use this corridor. All the samples from the corridor were old when we collected them, and despite several attempts, we could not obtain reliable microsatellite data from these scats. In future studies, more effort to collect fresh scat from the corridors would help to identify the source populations of the individuals in the corridor.

Despite the challenges associated with amplification of noninvasive samples \[[@pone.0123384.ref053]\], we were able to detect 55 different individuals from 194 field collected samples and obtain reliable measures of allelic richness and heterozygosity. Our results show that sloth bears in this landscape have moderate levels of genetic diversity. After controlling for unequal sample sizes, bears in all tiger reserves had comparable levels of allelic richness.

Differences in study design and types and numbers of markers hinder direct comparisons between studies that have examined levels of genetic variation in different species of ursids. However, our results suggest that the sloth bear population of central India has moderate levels (Ho = 0.53, Na = 8.8) compared to estimates of population genetic diversity previously reported for Brown bears (*Ursus arctos*) (Ho = 0.298--0.853, Na = 2.13--8.312) \[[@pone.0123384.ref022], [@pone.0123384.ref024], [@pone.0123384.ref028]\], Polar bears (*Ursus maritimus*) (Ho = 0.68) \[[@pone.0123384.ref027]\] and American Black bears (*Ursus americanus*) (Ho = 0.287--0.800, Na = 2.25--9.5) \[[@pone.0123384.ref023], [@pone.0123384.ref054]\].

We used three different analytical approaches to detect genetic structure among sloth bear populations of Central India. These methods differ in their assumptions, and whether or not they include spatial information. All three analytical approaches indicate the presence of two genetic clusters. These two clusters are pairs of populations that are interconnected by existing corridors (Kanha-Pench and Satpura-Melghat). Previous studies on tigers (*Panthera tigris*) and leopards (*Panthera pardus*) in the Satpura-Maikal landscape \[[@pone.0123384.ref055]--[@pone.0123384.ref058]\] have established the functionality of these corridors and their importance in maintaining the historical levels of gene flow in this landscape. Findings from this study further bolster the evidence for the effectiveness of these corridor.

The analysis of migrants and contemporary gene flow indicate ongoing genetic exchange between the populations. For example, five individuals (9% of the identified individuals) were confirmed as first-generation migrants and 20% of the individuals were of mixed ancestry, indicating admixture between the populations. These results show that sloth bears in this landscape are moving from one population to another and effectively breeding in the recipient population, thus maintaining genetic exchange and preventing further genetic subdivision in this landscape.

We did not find a significant relation between forest cover and genetic distance. We think that this could be due to several factors: (1) Although least cost distances on an average are 21 km longer than Euclidian distances, the distances are highly correlated (R = 0.97 p = 0.04). The way this landscape is configured, it just so happens that Euclidian distance and least cost paths overlap to a certain degree. (2) Forest cover alone may not be a sufficient explanatory variable for genetic differentiation. Other factors such as food availability (ants, termites and fruiting plants), and impact of human density, transportation networks and other infrastructure would be critical and ecologically meaningful for dispersing sloth bears.

The best way to thoroughly establish the use and effectiveness of corridors by any species would be to combine genetic studies with movement tracking studies of multiple individuals to map their movement and effective dispersal through different landscape features. However, this is beyond the scope of our study, and our results using noninvasive genetic sampling provide strong evidence about the functionality of these corridors.

Fragmentation and loss of habitat is one of the most serious causes of population decline and species extinction globally \[[@pone.0123384.ref059]\], which also affects the genetic variation and viability of populations. A fragmented landscape presents a higher cost to individuals dispersing through such areas, and potentially decreases effective dispersal and genetic exchange. The Satpura-Maikal landscape has experienced tremendous habitat loss and fragmentation over large time scales that echo human occupation and activities in this region \[[@pone.0123384.ref058]\]. This landscape lost 76% of its forest cover to land conversion for agriculture and urbanization in the past 300 years (1700--2000) \[[@pone.0123384.ref058]\]. Despite this severe habitat loss, the sloth bear populations in this landscape have maintained moderate level of genetic diversity. However, several new threats are emerging that pose risks to this functional connectivity. Some of the very specific issues that need immediate intervention for the conservation of metapopulations of sloth bears and other large carnivores such as tigers, leopards, and dholes are: Coal mining: The Central Indian Highlands are one of the major coal fields of India. There are several operational coal mines in Pench-Satpura corridor. In recent years, new mining leases were granted to mines proposed to be located inside this corridor. Mining activity has the potential to increase anthropogenic disturbance and reduce the connectivity through this important corridor \[[@pone.0123384.ref060]\].Widening of National Highway 7 (NH7): NH7 runs parallel to the eastern boundary of Pench tiger reserves (MP and Mh) for a length of 65 km. A stretch of 8.9 km of this highway intersects the Kanha-Pench corridor close to Pench tiger reserve (MP). The proposed widening of NH7 \[[@pone.0123384.ref061],[@pone.0123384.ref062]\] near these two tigers reserves from two lanes to four lanes will not only result in loss of forest cover and increased chances of collision-related mortality of wildlife but also sever the crucial linkage between Kanha and Pench. This road-widening project may impact animal movement and gene flow between these two source populations, as has been shown in other carnivores \[[@pone.0123384.ref063],[@pone.0123384.ref064]\].Gauge conversion of railway line: A project to convert a 74.9 km stretch (Nainpur to Balaghat) of narrow-gauge railway line to broad-gauge is in progress. A 17.98 km long section of this railway line passes through forested area in the Kanha-Pench corridor and would impact 69.75 hectares of forest land \[[@pone.0123384.ref061]\]. In addition to this forest loss, the elevated broad-gauge tracks, increased speed of trains on broad-gauge rail (from a maximum speed of 40 kmph to 100 kmph), and increased frequency of trains would diminish the functional value of this corridor, as has been shown for brown bears in Slovenia \[[@pone.0123384.ref065]\].Teak-monoculture: Multiple forest blocks adjacent to the tiger reserves and in the corridors in the Satpura-Maikal landscape have been demarcated for teak production. These monoculture blocks are devoid of any understory or fruiting trees \[[@pone.0123384.ref066],[@pone.0123384.ref067]\], and apart from offering cover, may not be used by sloth bears.

Linear infrastructure features such as roads and railway lines have been shown to have severe adverse impacts on the behavior, movement, and gene flow of wildlife \[[@pone.0123384.ref063],[@pone.0123384.ref068]\]. For example, Riley et al. (2006) \[[@pone.0123384.ref064]\] evaluated movement and gene flow of bobcats (*Lynx rufus*) and coyotes (*Canis latrans*) across a California freeway using genetic methods and radio-telemetry and found that although a few individuals of both species moved across the road, this movement was not enough to compensate for the restricted levels of gene flow caused by the freeway. Kerley et al. (2002) \[[@pone.0123384.ref069]\] revealed that primary roads and associated human disturbance decrease the survivorship and reproductive success of tigers in the Russian Far East.

Some of these detrimental impacts can be mitigated by the use of specially designed structures such as overpasses and underpasses \[[@pone.0123384.ref070]\]. A few studies have demonstrated the efficacy of these structures in safeguarding animal movement, dispersal, and gene flow \[[@pone.0123384.ref071],[@pone.0123384.ref072]\]. However, there may be species-specific responses to the same barrier. For example, Sawaya et al. (2013) \[[@pone.0123384.ref072]\] showed that although crossing structures provided genetic connectivity for both species, grizzly bears showed higher genetic discontinuity than black bears across a major transcontinental highway in Banff National Park, Canada. The usefulness of crossing structures has yet to be tested at any extensive scale in different eco-regions of the world \[[@pone.0123384.ref071]\].

We demonstrated that forest corridors in the Satpura-Maikal landscape are being used and are functional for movement and gene flow of sloth bears. However, no government policies are in place to safeguard these crucial areas of connectivity. Our study calls for immediate policy intervention for conservation planning to maintain linkages between protected areas in this landscape.
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